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Ion-Molecule  Reac t ions  i n  E lec t r ic  Discharges 

3. L. F r a n k l i n ,  P. K .  Ghosh and S t a n l e y  S tudn ia ry  

Rice U n i v e r s i t y ,  Houston, Texas I 

Before t h e  development of  good vacuum equipment and t echn iques ,  mass spectrome- 
t r i s t s  observed many i o n s  o c c u r r i n g  a t  masses w e l l  above those  of t,he molecules ad- 
m i t t e d  t o  the  in s t rumen t .  These i n t e r f e r r e d  w i t h  t h e  main i n t e r e s t s  o f  t h e  experi-  
menters  a t  t h a t  t ime, a l t h o u g h  i n  a few i n s t a n c e s  i t  was recognized t h a t  r e a c t i o n s  
were occur r ing  between pr imary ions and molecules.  When good vacuum f a c i l i t i e s  be- 
came a v a i l a b l e  i n  t h e  e a r l y  1930s they  were adapted t o  mass spectrometry and f o r  a 
number oi yea r s  every e f f o r t  was made t o  ma in ta in  p re s su res  w e l l  below 
i n  o r d e r  t o  avo id  c o l l i s i o n s  of  primary i o n s  w i t h  n e u t r a l s .  
H u s t r u l i d  and Ta te  (l), i n  s t u d y i n g  wa te r ,  observed a n  i o n  a t  mass 19, and by vary- 

(1) Mann, M.M., H u s t r u l i d ,  A. and Ta te ,  J .  T., -. Rev., 58, 340 (1940) 

i n g  t h e  p re s su re  i n  t h e i r  i n s t rumen t ,  concluded t h a t  i t  was H30+, probably formed 
by t h e  r eac t ion :  

During t h e  middle 50s,  s e v e r a l  groups of mass s p e c t r o m e t r i s t s  became cu r ious  a s  t o  
t h e  r e s u l t s  t h a t  would be  observed i f  s o u r c e  p r e s s u r e s  were r a i s e d  s u f f i c i e n t l y  t o  
a l l o w  a few c o l l i s i o n s  t o  occur  between i o n s  and molecules. Seve ra l  i o n s  occurr ing 
a t  masses above t h o s e  of  t h e  p a r e n t  i o n  were observed. Because of t h i s ,  a number 
o f  sys t ema t i c  s t u d i e s  were made and i n c r e a s i n g  i n t e r e s t  and emphasis on r e a c t i o n s  
o f  i ons  with n e u t r a l  mo lecu le s  has  developed, u n t i l  a t  p r e s e n t  some 50 t o  100 papers 
p e r  y e a r  a r e  pub l i shed  on t h i s  s u b j e c t  a lone.  

,' 

t o r r  , 
However, i n  1940, Mann, 

I 
- 

+ + H20 + H 2 0  + H 0 + OH 3 

Perhaps one of t h e  s t r o n g e s t  r easons  f o r  t h e  i n t e r e s t  i n  ion-molecule r eac t ions  
i s  t h e  f a c t  t h a t  i o n s  of unusual  and unsuspected composi t ion were observed. Most 
f a s c i n a t i n g  of t h e s e  h a s  been CH5+, which was completely unexpected, b u t  which, 
n e v e r t h e l e s s ,  i s  now w e l l  e s t a b l i s h e d  a s  a s t a b l e  ioc.  Th i s  i o n  was f i r s t  announced 
by  T a l ' r o z e  and Lyumbimova (2 ) ,  b u t  i t  was a l s o  r epor t ed  s h o r t l y  a f t e r  t h e  Russians 

(2 )  

by  s e v e r a l  groups i n  t h i s  coun t ry  (3,4,5,9) .Studies  of secondary ions  from a l a r g e  
number of  molecules  fol lowed.  

, 

1 
T a l ' r o z e ,  V. L. and Lyumbimova, A. K., Dokl. Akad. Nauk SSSR, 86, 909 (1952) - 

(3)  F i e l d ,  F. H., F r a n k l i n ,  J. L. and Lampe, F. W., 2. A m e r .  Chem. %., 79, 2419 
(1957) 

(4 )  Stevenson, D. P.and S c h i s s l e r ,  D. O., J. Chem. PQ., 2, 1353 (1955) 
(9 )  S c h i s s l e r ,  D. 0. and Stevenson, D. P., 2. Chem. Phys.,-24, 926 (1956) 
(5 )  Meisels ,  G. G., Hami l l ,  W. H. and Wil l iams,  R. R., Jr., J. E m .  -., 2, 79c 

(1956) 

- 

- 

The e a r l i e r  s t u d i e s  o f  s econdary  i o n s  were l a r g e l y  l i m i t e d  t o  ions  of masses 
g r e a t e r  than t h a t  of t h e  p a r e n t  ion,  bu t  subsequent  s t u d i e s  have shown t h a t  many 
secondar i e s  o f  lower mass a l s o  occur .  I n  most i n s t a n c e s ,  t h e  f a c t  t h a t  t he  ion  re- 
s u l t e d  from c o l l i s i o n  r a t h e r  t han  from i m p u r i t i e s  was demonstrated by varying t h e  
p r e s s u r e  i n  t h e  i o n  source .  I f  t h e  i o n  i n t e n s i t y  inc reased  a s  a second power of 
t h e  p re s su re ,  t h e  i o n  c l e a r l y  r e s u l t e d  from a c o l l i s i o n .  

Having e s t a b l i s h e d  t h a t  a n  i o n  was indeed t h e  r e s u l t  of a c o l l i s i o n ,  i t  was 
obv ious ly  of i n t e r e s t  t o  a s c e r t a i n  t h e  primary i o n  p recu r so r  o f  t h e  secondary ion. 
TWO methods have u s u a l l y  been used f o r  t h i s  purpose. 
was t o  measure t h e  appea rance  p o t e n t i a l  of t h e  secondary ion  and compare i t  t o  
appea rance  p o t e n t i a l s  o f  v a r i o u s  primary i o n s  occur r ing  i n  t h e  system i n  question. 

The method most o f t e n  used 



Obviously,  t h e  secondary  i o n  must have t h e  same appearance p o t e n t i a l  a s  i t s  p r e c u r s o r ,  
and where reasonable  agreement of primary and secondary i o n  appearance  p o t e n t i a l s  was 
found t h e  i d e n t i t i e s  of  r e a c t a n t  and product  were e s t a b l i s h e d .  I n  some i n s t a n c e s ,  i t  
has  been p o s s i b l e  t o  reduce  t h e  e l e c t r o n  energy t o  t h e  p o i n t  where o n l y  one o r  two 
Primary ions  were present .  Under t h e s e  c o n d i t i o n s ,  i t  i s  o f t e n  p o s s i b l e  by comparing 
i n t e n s i t i e s  of secondary i o n s  w i t h  t h e  d isappearance  of p r i m a r i e s  t o  i d e n t i f y  un- 
e q u i v o c a l l y  t h e  p r e c u r s o r s  of t h e  v a r i o u s  secondar ies .  
t echniques  s u f f e r  from c e r t a i n  d i f f i c u l t i e s .  
c i e n t l y  compl ica ted ,  o r  where t h e  appearance p o t e n t i a l s  of  s e v e r a l  pr imary ions  a r e  
s u f f i c i e n t l y  c l o s e  t o g e t h e r ,  i t  i s  v e r y  d i f f i c u l t  and o f t e n  i m p o s s i b l e  t o  de te rmine  
t h e  p r e c u r s o r  of a secondary  i o n  s a t i s f a c t o r i l y .  
secondary appearance p o t e n t i a l s  u s u a l l y  s e r v e s  t o  i d e n t i f y  only  t h e  p r e c u r s o r  of  
lowest  appearance p o t e n t i a l .  P o s s i b l e  p r e c u r s o r s  of h i g h e r  appearance  p o t e n t i a l  
a r e  obscured and can o n l y  be d e t e c t e d  by o t h e r  means. Of c o u r s e ,  i t  i s  a l s o  t r u e  
t h a t  one cannot  always s i m p l i f y  t h e  primary spectrum s u f f i c i e n t l y  by reducing  t h e  
e l e c t r o n  energy t o  p e r m i t  s a t i s f a c t o r y  i d e n t i f i c a t i o n  of  t h e  p r e c u r s o r .  
i n  r e c e n t  years  a few mass s p e c t r o m e t r i s t s  f o l l o w i n g  Lindholm (6)  have employed a 
primary mass s o r t e r  t o  s e l e c t  t h e  primary ion which i s  then i n j e c t e d  i n t o  t h e  gas  

(6)  

Obviously,  boqh of t h e s e  
Where t h e  pr imary i o n  spectrum i s  s u f f i -  

F u r t h e r ,  comparison of pr imary and 

A s  a r e s u l t ,  

For a survey o f  Lindholm's  work s e e  E. Lindholm, "Ion-Molecule Reac t ions  i n  t h e  
Gas Phase," Advances i n  Chemistry S e r i e s  58, American Chemical S o c i e t y ,  Wash- 
i n g t o n ,  D. C . ,  1966, p l .  

w i t h  which r e a c t i o n  i s  d e s i r e d .  

Mass spec t rometer  i o n  s o u r c e s  a r e  q u i t e  s m a l l  chemical  r e a c t o r s .  I t  can e a s i l y  
be shown t h a t  t h e  r e a c t i o n  time of a n  i o n  i n  t h e  s o u r c e  w i l l  normal ly  be i n  t h e  
o r d e r  of  a microsecond, and u n l e s s  t h e  p r e s s u r e  i n  t h e  s o u r c e  i s  w e l l  over  100 t o r r  
on ly  a smal l  f r a c t i o n  of t h e  i o n s  can undergo c o l l i s i o n .  I t  e a r l y  became apparent  
t h a t  where secondary i o n s  were observed they  must, i n  most i n s t a n c e s ,  have r e s u l t e d  
a t  a lmost  every  c o l l i s i o n  of  i o n  and n e u t r a l .  F u r t h e r ,  i n  many i n s t a n c e s ,  t h e  
h e a t s  of  formation of i o n s  and n e u t r a l s  were w e l l  e s t a b l i s h e d ,  and i n  a l l  such 
i n s t a n c e s  i t  was p o s s i b l e  t o  show t h a t  t h e  r e a c t i o n s  were exothermic.  Indeed,  i t  
would be imposs ib le  under most c i rcumstances  t o  observe  a r e a c t i o n  t o  form secondary 
i o n s  i f  t h e  r e a c t i o n  were endothermic.  Such endothermic i ty  would appear  a s  a c t i v a -  
t i o n  energy,  which would g r e a t l y  reduce  t h e  p r o b a b i l i t y  of  r e a c t i o n  when t h e  i o n  
and molecule  c o l l i d e .  ( L a t e r  on we mention c e r t a i n  c o n d i t i o n s  i n  which t h i s  r u l e  
i s  v i o l a t e d ,  bu t  under most c i rcumstances  i t  h o l d s  r i g o r o u s l y . )  T h i s  r u l e  i s  s o  
seldom v i o l a t e d  t h a t  i t  can  be used a s  a means of  h e l p i n g  t o  e l i m i n a t e  p o s s i b l e  
p r e c u r s o r s  of a secondary ion .  

I t  was mentioned above t h a t  t h e  secondary i o n s  f i r s t  observed occurred  a t  masses 
above t h o s e  of t h e  parent .  However, t h e r e  was always a n  e x p e c t a t i o n  t h a t  i o n s  of 
lower mass might a l s o  be formed i n  c o l l i s i o n  r e a c t i o n s  and a s  t h e  p r e s s u r e  t h a t  
could be t o l e r a t e d  i n  t h e  i o n  s o u r c e  was i n c r e a s e d  i t  became a p p a r e n t  t h a t  such was 
indeed t h e  case.  For example, i t  was observed by Munson, F r a n k l i n  and F i e l d  (7)  

( 7 )  M.S.B.Munson, J. L. F r a n k l i n  and F. H. F i e l d ,  J. Phys. Chem. 68, 3098 (1964) 

t h a t  t h e  C H + ion  from e t h a n e  and t h e  C3HTf i o n  from propane, bo th  p r e s e n t  i n  t h e  
pr imary sp$c?rum+ i n c r e a s e d  w i t h  i n c r e a s i n g  p r e s s u r e  and indeed ,  i n  t h e  c a s e  of 
propane t h e  C H 
u n t i l  i t  represented  some 70% of  a l l  t h e  i o n s  p r e s e n t .  
l e s s  than t h e  parent  d i d  n o t  show such s p e c t a c u l a r  i n c r e a s e s  and o t h e r  techniques  
were sought  t o  e s t a b l i s h  these .  
Cermak. (a),. 
(8) 
i o n i z a t i o n  chamber. However, he employed a r e l a t i v e l y  h i g h  v a r i a b l e  p o t e n t i a l  
between t h e  i o n  chamber and t h e  t r a p  anode, s o  t h a t  t h e  e l e c t r o n s  were a c c e l e r a t e d  

- 

i o n  i n c r e a s e d  from a very  small p r o p o r t i o n  o f  t h e  pr imary spectrum 
3 7  Many secondary  ions  of mass 

One method of e s p e c i a l  i n t e r e s t  was t h a t  due  t o  
He employed e l e c t r o n s  having  e n e r g i e s  t o o  small t o  i o n i z e  i n  t h e  

V. C e r m k  and 2. Herman, C o l l e c t i o n  Czechoslov. Chem. Commun. 2, 406 (1962) - 
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i n  t h e  anode region. Some of t h e s e  i o n i z e d  molecules  p r e s e n t  i n  t h a t  reg ion  and the 
ions  were r e p e l l e d  by t h e  p o t e n t i a l  on t h e  anode and d r i f t e d  back i n t o  t h e  ion iza-  
t i o n  chamber. These pr imary ions could n o t  be themselves  c o l l e c t e d ,  bu t  new second- 
a r y  ions could  be u n e q u i v o c a l l y  i d e n t i f i e d .  
t h e  anode, it was p o s s i b l e  t o  o b t a i n  an appearance p o t e n t i a l  f o r  t h e  secondary ions 
and from t h i s  t o  deduce t h e  i d e n t i t y  of i t s  precursor .  

\ 

!I 
Fur ther ,  by v a r y i n g  t h e  p o t e n t i a l  on 

A l a r g e  number o f  r e a c t i o n s  o f  ions  w i t h  n e u t r a l s  have now been i d e n t i f i e d  and 
t y p i c a l  examples of t h e  v a r i o u s  c l a s s e s  of such  b imolecular  r e a c t i b n s  a r e  g iven  i n  
t a b l e s  1 through 7. 

Tab le  1 

A t o m  T r a n s f e r  React ions 

K r  + D2 -+ KrD+ + D + 
(9) + + 

+ + 
X e  + CH4 + XeH + Cis3 (10) 

-+ N2D + D (9,11) 

CH4 + C3H6 + CH + + C3H5 (12) 

D20 + nC4HI0 --f HD 0 + C4H9 (13) 

N+ + D2 

+ 5+ 

+ 2+ 

+ 2+ I + cH31 -+ I2 

0 + N2 -+ NO + N (14,15) 
+ 

(16) 0 + C02 -+ 0 + + CO 

+ CH3 (17) '  

(9) 
( I p '  u>ld, F. H., F r a n k l i n ,  3. L., 2. &. *m. E. 83, 4509 (1961) 
(11)-Stevenson, D. P., J .  a. %m.,6l, 1453 (1957) 
(12) Frankevich,  E. L. and T a l ' r o z e ,  V. L., Dokl. Akad. Nauk S S S R Z ,  1174 (1958) 
(13) Lampe, F. W., F i e l d ,  F. H. and F r a n k l i n ,  J. L., J .  3. K m .  E., 79, 6132 

(14) P o t t e r ,  R. F., J. E m .  Phys., 23, 2462 (1955) 
(15) Fehsenfe ld ,  F. C., SchmeltekopfTA. L. and Ferguson, E. E., P lane t .  Space Science 

(16) z h s e n f e l d ,  F. C., Ferguaon, E. E. and Schmeltekopf,  A. L., 2. Chem. Phys. 2, 
(17) P o t t i e ,  R. F., Barker ,  R. and Hamil l ,  W. H., R a d i a t i o n  Research 2, 664 (1940) 

S c h i s s l e r ,  D. 0 .  and Stevenson ,  D. P., J. Chem. Phys.,24, 926 (1956) 

I 

s= 
- (1957) 

13, 219 (1965) 

3022 (1966) 

Tab le  2 

P o s i t i v e  Atomic I o n  T r a n s f e r  Reac t ions  

0 + +  H2 + H O++ 0 (18) 
H2 2+ + O2 +€SO> + H (9,11) . 

HI++ CH31 + CH I + +  H (19) 3 3  
C2H: + D20 +€ID 0 + C2H5 

0; + C2H2 --t C2H20+ + 0 

Hutchinson, D. A., Pape r  presented  a t  American Chemical S o c i e t y  Meeting, 
Minneapol is ,  Minnesota ,  September, 1955 
P o t t i e ,  R. F., Barker ,  R. and Hamil l ,  W. H., R a d i a t i o n  Research 10, 664 (1959) 
Lampe, F. W., F i e l d ,  F. H. and F r a n k l i n ,  J. L., J. Amer. Chem. s., 2, 6132 
(1957) 

Ferguson, E. E., 2. Chem. Phys. 44, 4095 (1966) 

(20)  + 3 
O2 + N + N O  + 0 (21) 

(22) 

1 

(18) 

(19) 
(20) 

(21) Golden, P. D., Schmeltekopf ,  A. L., Fehsenfe ld ,  F. C., S c h i f f ,  H. I., and 1 

4 - 

c 
I\ 

\ 

, 
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(22) F rank l in ,  J. L . ,  Munson, M.S.B., Tenth Symposium ( I n t e r n a t i o n a l )  on Combustion, 

The Combustion I n s t i t u t e ,  1965, p. 561 

Table  3 

Symmetrical  T r a n s f e r  Reac t ions  
+ 

H; + H 2  i H, + H (23,24,11) 
CH + CH4 i CH' + CH3 (2 ,3 ,4 ,5)  i 

4+ 5+ 
H 0 + H20 +H30 + OH (1) 

HC1+ + H C 1  + H 2 C 1  + H (9 )  
+ 2 

+ CH202+ + CH202 4 CH 0 + HC02 (22) 
NH;++ NH3 + N H 4  3+2 + NH2 (25,26,27) 

I2 + I2 + I  + I (28) 3 

(23) 
( 2 4 )  
(25) 
(26) 
(27) 

(28) Hogness, T. 

Eyring, H., H i r s c h f e l d e r ,  J. 0. and Tay lo r ,  H. S., 2. Chem. Phys. 3, 479 (1936) 
Stevenson, D. P. and S c h i s s l e r ,  D. O.,  J. %m. Phys.23, 1353 (1953) 
Lampe, F. W. and F i e l d ,  F. H., Te t r ahedron  1, 189  (l"3) 
Dorfman, L. M. and Noble, P. C . ,  J. Phys. CEem. 63, 980 (1959) 
Derwish, G. A. W., G a l l i ,  A . ,  Giard in i -G- idon i ,  A . ,  and Volp i ,  G. G. ,  J .  
- Chem. Phys. 3, 1599 (1963) 

and Harkness ,  R. W . ,  Phys. Rev. 2, 784 (1928) - 
~ 

Table  4 

H- and H,- T r a n s f e r  Reac t ions  
+ L  + 

C2H5+ + C3H8 + C2H6 + C H (29)  

C H + C3H8 + C H + C3H7 (29) 

CH3 + C2H6 + C2H5 + CH4 ( 3 4 )  

7+ 

4+ 5+ 

+ 
C3H5 + neo-C 5 H 12 + tC5H:1 + '3f6 (34) 

+ 
C H + C3H8 + C H + C3H6 (29) 2 6  

C H + iC4H10 -+ C H + iC4H8 (29)  3 6  3 8  
+ 2 4  

(29) M.S.B.Munson, J. L. F r a n k l i n  and F. H. F i e l d ,  J. Phys. Chem. 68, 3098 (1964) 
Tab le  5 

Some+$eactions o f  Exc i t ed  I o n s  

C2H6 + C2H6 + C2Hl+ + C2H5 (29) 

H2+* + He + HeH + H (30) 

N +" + N 2  + N -I- + N (21,23,33) 
O2 2+* + O 2  + 0: + 0 (22,31) 

(30) H. von Koch and L. Friedman, J. Chern. Phys. 38, 115 (1963) 
( 3 1 )  
(32) 
(33) M. Saporoschenko, Phys. Rev. 111, 1550 (1958) 
( 3 4 )  

R. K. Curran, 2. Chem. Phys. 38, 2974 (1963)- 
M.S.B.Munson, F. H. F i e l d  and?. L. F rank l in ,  2. Chem. Phys. 37, 1790 (1962) 

F ie ld ,  F. H. and Lampe, F. W . ,  J. A m e r .  Chem. z., 2, 5587 (1958) 

- 
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Tab le  6 

Charge T r a n s f e r  Reac t ions  

02+ + 0 (35) 
N 2  + + O2 + N 2  + 02+ (36) 

+ 
0 + 0 2  -+ 

C H + + C2H4 --f C H + + C2H2 (37) 
4+ 

C H + Xe (38) 

C2H2+ + H2 + A r  (38) 

C:H; + H + A r  (38) 

CH? + H + A r  (5,39) A r  + CH4 4 

2+ 
I c lH4' + H: + Xe (38) 

X e  + C2H4 

A r  + + C2H4 

+ 
F + +  CO -+ CO + F (40) 

I, C+ + 0 + F (40) 

CH4 + O 2  -+ CH30 + OH (22)  
+ X e  + C H ~  -+ Xem; + H (10) 
+ t 

I 

(35) F. C. Fehsenfeld,  P. D. Goldan, A. L. Schmeltekopf and E. E. Ferguson, Planet .  

(36)  
Space Sc i .  2, 579 (1965) 
F. C. Fehsenfeld,  A. L. Schmeltekopf and E. E. Ferguson, P l ane t .  Space Sci. 13,; 
919 (1965) 

- 

(37) 
(38) 
(39) 

(40)  E. Lindholm, Arkiv Fys ik  8, 433 (1954) 

F. H. F i e l d ,  2. fi. %m. e. 83, 1523 (1961) 
J. L. F r a n k l i n  and F. H. F i e l d ,  2. Am. Chem. E. 83, 3555 (1961) 
G. G. Meisels, W. H. Hamil l  and R. R. Wil l iams,  Jr; 2. Phys. Chem:Z, 1456 
(1957) 
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Tables  1-6 p r e s e n t  examples of r e l a t i v e l y  s imple  r e a c t i o n s .  However, r e a c t i o n s  
involv ing  q u i t e  profound changes i n  s t r u c t u r e  and bond r e o r g a n i z a t i o n s  have been 
observed by a number of i n v e s t i g a t o r s .  Table 7 shows s e v e r a l  of t h e s e ,  which a r e  
g iven  a s  t y p i c a l  examples. C e r t a i n  of the  r e a c t i o n s  shown r e s u l t  i n  more t h a n  one 
s e t  o f  products ,  a l l  of which a p p a r e n t l y  o c c u r  a t  t h e  same appearance p o t e n t i a l  
and thus  involve  t h e  same p r e c u r s o r .  Of c o u r s e ,  t h e  i n t e n s i t i e s  of t h e  product  
i o n s  w i l l ,  i n  most i n s t a n c e s ,  n o t  be t h e  same. One would expec t  tha, t  r e a c t i o n s  
of t h i s  kind would i n v o l v e  t h e  format ion  of a r e l a t i v e l y  s t a b l e  complex, which 
breaks  up i n  ways d i c t a t e d  by t h e  energy c o n t e n t  of t h e  complex. U n f o r t u n a t e l y ,  
no q u a n t i t a t i v e  t r e a t m e n t  of  t h e  break  up of t h e  complex has  y e t  been publ i shed ,  
s o  i t  i s  n o t  now p o s s i b l e  t o  p r e d i c t  t h e  r a t i o s  of product  i o n s  where more than  
one product  a r i s e s  from a s i n g l e  r e a c t a n t .  I t  has ,  however, been observed by Lampe, 
e t  a l .  (41)  t h a t  t h e  r a t i o s  of  secondary  i o n s  from a c o l l i s i o n  complex w i l l  o f t e n  
be v e r y  s i m i l a r  t o  t h o s e  of  t h e  same fragment  ions  i n  t h e  pr imary mass spectrum 
o f  a compound having  t e Sam$ composi t ion a s  t h e  comp ex. Thus, they  poin ted  out  
t h a t  t h e  r a t i o  of C H / C  H i n  t h e  r e a c t i o n  of  C2H4 wi th  C H was about  t h e  
same a s  t h a t  observed i n  t h e  mass s p e c t r a  of t h e  butenes.  Thg f i t e r a t u r e  c o n t a i n s  

9 4 
3 5 .  4 7  

(41)  F. W. Lampe, J .  L. F r a n k l i n  and F. H. F i e l d ,  "Progress  i n  Reac t ion  K i n e t i c s , "  
Val .  1, Pergamon'Press ,  New York, 1961, p. 69. 

o n l y  a few examples of s imple  condensa t ion  r e a c t i o n s .  This  i s  n o t  s u r p r i s i n g  i n  view 
of t h e  f a c t  t h a t  every  complex i s  formed w i t h  enough energy t o  break  up i n  e i t h e r  
t h e  forward o r  r e v e r s e  d i r e c t i o n .  S i n c e  most complexes can break  up very  r a p i d l y  
they  w i l l  g e n e r a l l y  do s o  i n  a t ime s h o r t  compared t o  t h a t  r e q u i r e d  t o  c o l l e c t  t h e  
ion.  I n  a few i n s t a n c e s  such complexes have been observed t o  s u r v i v e  long enough 
t o  be measured. One example of t h i s  is given i n  Table  7. I t  might  be mentioned 
t h a t  s e v e r a l  a p p a r e n t l y  long l i v e d  complexes were observed by F i e l d  (37) i n  h i s  
s t u d y  of e t h y l e n e ,  bu t  t h e s e  i n  a l l  cases  turned  o u t  t o  depend upon t h e  t h i r d  o r  
h i g h e r  power of t h e  p r e s s u r e ,  and t h u s  were i n  f a c t  complexes t h a t  had been 
s t a b i l i z e d  by c o l l i s i o n  o r  had r e s u l t e d  from t h e  decomposi t ion o f  a complex of 
h i g h e r  molecular  weight .  

Although t h e  preceding  d i s c u s s i o n  has  l a r g e l y  been devoted t o  i o n s  formed a s  
b imolecular  r e a c t i o n  products ,  i n  t h e  l a s t  few y e a r s ,  many examples of i o n s  formed 
w i t h  much h i g h e r  p r e s s u r e  dependence have been observed. 
c a r r i e d  o u t  a t  such e l e v a t e d  p r e s s u r e s ,  i.e., above 100 microns, was t h e  s t u d y  of 
F i e l d  (37)  of ion-molecule  r e a c t i o n s  i n  e thylene .  I n  t h i s  s t u d y  h e  observed ions  
w i t h  p r e s s u r e  dependencies  a s  h i g h  a s  about  6, a l t h o u g h  t h o s e  e x h i b i t i n g  t h e  h i g h e s t  
p r e s s u r e  dependence were of such low i n t e n s i t y  t h a t  t h e  n a t u r e  of  t h e  r e a c t i o n s  
involved  could n o t  be a s c e r t a i n e d .  Indeed,  above about  3rd o r d e r  t h e  method of 
appearance  p o t e n t i a l s  becomes comple te ly  u s e l e s s ,  and t h e  i d e n t i f i c a t i o n  of pre-  
c u r s o r s  t o  a g iven  product  becomes v e r y  tenuous indeed. To form i o n s  a t  h igh  p r e s s u r e s  
i n  a reg ion  
e l e c t r o n s  o f  s e v e r a l  hundred v o l t s  r a t h e r  than  t h e  u s u a l  60-70 v o l t s  employed i n  
most mass s p e c t r o m e t r i c  problems. Indeed,  because of  t h i s  problem, Kebarle  and 
Hogg (45) have employed a l p h a  p a r t i c l e s  of  h igh  energy t o  provide  primary ions .  

(45)  
When i o n s  a r e  formed by h igh  energy massive p a r t i c l e s  i t  i s  p o s s i b l e  t o  o p e r a t e  
a t  much h i g h e r  p r e s s u r e s  and Kebar le  ( 4 5 ) ,  Wexler e t  a l .  (46)  and o t h e r s  have 

(46)  

One of t h e  e a r l i e s t  s t u d i e s  

from which they  can  be c o l l e c t e d  i t  i s  u s u a l l y  n e c e s s a r y  t o  employ 

P. Kebarle  and A.  M. Hogg, J. &m. a. 42, 668 (1965);  2, - 449 (1965) - 

S. Wexler, Assa L i f s h i t z  and A. G u a t t r o c h i ,  "Ion-Molecule Reac t ions  i n  the  
Gas phase,"  Adv. i n  Chem. S e r i e s ,  Amer. Chem. S O C . ,  Washington, D. C. 1966 
p. 193 

s t u d i e d  t h e  ions formed a t  p r e s s u r e s  up t o  about  one atmosphere. N a t u r a l l y ,  they 
have observed i o n s  w i t h  a very  h igh  p r e s s u r e  dependence, a l t h o u g h  they  have n o t  been 
a b l e  t o  e s t a b l i s h  t h e  o r d e r  of r e a c t i o n .  With such a system, Kebar le  e t  a l .  (49,50) 
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have observed ions  hav ing  t h e  g e n e r a l  formula,  H+(H O)n, w i t h  n v a r y i n g  from 1 t o  7, 
and Wexler, e t  a l .  (46) have observed polymer i o n s  Prom a c e t y l e n e  having up t o  1 2  
ca rbon  atoms. 

Recent ly ,  s t u d i e s  have been c a r r i e d  out  i n  mass spec t romet ry  s o u r c e s  a t  p ressures  
up t o  s e v e r a l  t o r r .  Under t h e s e  c o n d i t i o n s ,  any primary i o n s  formed w i l l  undergo 
many c o l l i s i o n s  and w i l l  have ample o p p o r t u n i t y  t o  r e a c t  i f  they  a r e  capable  of 
do ing  so. F i e l d  and Munson (47,48) have taken  advantage of t h i s  t o  c a r r y  o u t  some 
v e r y  i n t e r e c i t i n g  s t u d i e s  of  r e a c t i o n s  of highef order .  p e y  observeh t h a t  i n  very 
pure  methane, t h e  p r i n c i p a l  secondary ions CH5 

(47) M.S.B.Munson and F. H. F i e l d ,  2. &. =m. %. 88, 2621 (1966) 
(48) F. ti. F i e l d ,  M. S. B. Munson and D. A. Becker, "Ion Molecule Reac t ions  i n  

t h e  Gas Phase," Adv. i n  Chem. S e r i e s ,  Amer. Chem. SOC., Washington, D. C. 
(1966), p. 167 

(49) P. Kebarle  and A. M. Hogg, 2. s m .  m. 42, 798 (1965) 
( 5 0 ) .  A. M. Hogg and P. Kebar le ,  J. Chem. Phys. 43, 498 (1965) 

mained c o n s t a n t  w i t h  i n c r e a s e s  i n  p r e s s u r e  beyond about  0.5 t o r r .  
a l s o  t h a t  i f  t h e r e  were any small amount of  i m p u r i t i e s  i n  t h e  methane t h e  i n t e n s i t i e s  
o f  t h e s e  i o n s  passed through a maximum around a few . l o t h 8  torr and t h e n  d e c l i n e d  
s t e a d i l y  w i t h  f u r t h e r  i n c r e a s e s  i n  pressure .  
a b i l i t y  o f  c o l l i d i n g  w i t h  a n y t h i n g  but  methane and consequen t ly  t h e  d i sappea rance  
o f  t h e  secondar ies  must be due t o  t h e i r  r e a c t i o n  w i t h  t h e  i m p u r i t i e s ,  s i n c e  i t  is  
demonstrated t h a t  t h e y  d i d  n o t  r e a c t  wi th  methane i t s e l f .  I t  was a s imple  s t e p  
from t h i s  t o  the  a d d i t i o n  of  s m a l l  amounts of a v a r i e t y  of m a t e r i a l s  t o  t h e  methane 
plasma, w i t h  r e s u l t s  t h a t  proved extremely i n t e r e s t i n g .  When, f o r  example, smell 
amounts o f  long c h a i n  p a r a f f i n  hydrocarbons,  such as dodecane, were added t o  t h e  
methane plasma, t h e  spec t rum o f  i o n s  from t h e  h igh  molecular  weight  p a r a f f i n  was 
q u i t e  d i f f e r e n t  from t h a t  o b t a i n e d  by e l e c t r o n  impact. 
p a r a f f i n s  g i v e  o n l y  small i n t e n s i t i e s  of i o n s  above about  t h e  C5 range  under 
e l e q t r o n  impact. However, i n  t h e  methane plasma, i o n s  of t h e  g e n e r a l  composi t ion 
C H formed a t  each  ca rbon  number from t h e  p a r e n t  down t o  C4. N o  doubt  i o n s  
o? tailer mess a r e  a l s o  formed, but  t h e s e  a r e  not  obse rvab le  because o f  t h e  i n t e r -  
f e r e n c e  from secondary and t e r n a r y  i o n s  from methane. 
i o n s  i s  t h e  one co r re spond ing  t o  t h e  p a r e n t  molecules ;  i.e., w i t h  dodecane,C12H25 . 
many i n s t a n c e s  have o b t a i n e d  profound changes i n  t h e  m a s  spectrum, produced by 
"Chemical I o n i z a t i o n , "  t h e  t e r m  which t h e y  have g iven  t h e  processes .  (47,48) 
They have concluded t h a t  i n  t h e  c a s e  o f  t h e  methane t h e  p r i n c i p a l  r e a c t i o n s  a r e  
p robab ly  a s  fol lows:  

and C2H5 reached a p l a t e a u  and re-  

- 

- 
They observed 

The primary i o n s  had v e r y  smal l  prob- 

Such h i g h  molecular  weight 

F u r t h e r ,  t h e  l a r g e s t  o f  th fse  

F i e l d  and Munson have s t u d i e d  a number of  compounds by this method, and i n  

+ + ,  
2#1 . CH5 + CnH2w2 + CH4 + H2 +'Cn+H 

+ 
4 C H + CnH2#l 2 6  

Although t h e  prev ious  d i s c u s s i o n  has  been devoted e n t i r e l y  t o  r e a c t i o n s  o f  pos- 
i t i v e  i o n s ,  n e g a t i v e  i o n s  a r e  a l s o  known t o  undergo r e a c t i o n s  on c o l l i s i o n .  Rel- 
a t i v e l y  few of t h e s e  r e a c t i o n s  have been s t u d i e d ,  however, l a r g e l y  'because nega t ive  
ions p r e s e n t  some r a t h e r  s e r i o u s  d i f f i c u l t i e s  t o  t h e  i n v e s t i g a t o r .  
of n e g a t i v e  ions ,  however, have  been c a r r i e d  out  by Melton, Henglein and o t h e r s ,  
and s e v e r a l  t y p i c a l  r e a c t i o n s  a r e  g iven  i n  t a b l e  9 .  

Some r e a c t i o n s  

c 



Tab le  8 

Some Ions Formed by P rocesses  o f  Order Higher than  2 

Rea c t an  t I o n i c  Product  Re fe rence  

H2° H+(H,O), (1 <n (8) (49) 

m3  H + ( N H ~ ) ~  (1 <n <5) (50) , 
cH4 C H ’ ,  3 5+ C H +  3 7+ (51) 

‘ZH4 c4H8 ’ c4H6 (37) 
(51) F. H. F i e l d ,  J.  L. F r a n k l i n  and M.S.B.Munson, J .  &. E r n ,  *. 85, 3575 (1963) - 

Tab le  9 

Negat ive Ion-Molecule React ions - 
I2 + I2 --f I ~ -  + I (28) 

H- + H20 --f OH- + H2 (52) 

HCO; + N 2  + CN- + H N 0 2 ?  (53) 

0-  + CH31 --f 01- + cH3 (54) 

CN- + C2N2 --f C2N2- + CN (55) 

0-  + NO2 --f NO2-  + 0 (54) 

(52) E. E. Musch l i t z ,  2. Appl. Phys. 28, 1414 (1957) 
(53) C. E. Melton and G o  A. Ropp, J. Am. Chem. =. 80, 5573 (1958) 
(54) A. Henglein and G. A. Muccini,  J .  Chem. Phys. 3iK 1426 (1959) 
(55) C. E. Melton and P. S. Rudolph, J. Chem. Phys. 33, 1594 (1960) 

- 
- 

Tab le  10 

Chemi-Ionizat ion 

He* + H e  --f He + + e (56,57) 

He+: + A r  +HeAr + e (57) 

A m  + N 2  + A r N 2  + N 2  (32) 

N2* + N 2  + 
H2* + H 2  -i N4+ H3 + H + e (58) 

CO* + CO -+ C 2 0 1  + e 

2+ 

+ 
+ + e (32) 

(32) 

(56) 
(57) 
(58) 

J. A.  Hornbeck and J. P. Molnar, m. Rev. 84, 621 (1951) 
M.S.B. Munson, J. L. F r a n k l i n  and F. H. F i e l K  J. m. S m .  67, 1541 (1963) 
D. J. Keenan and E. M. C la rke ,  Four t een th  Annual Conference o n M a s s  Spectrometry,  
D a l l a s ,  Texas,  May 22-27, 1966, p. 42 

Somewhat a k i n  t o  ion-molecule  r e a c t i o n s  i s  a p rocess  f i r s t  i d e n t i f i e d  by Hornbeck 
and Molnar (56) f o r  t he  fo rma t ion  of t h e  r a r e  g a s  d i a tomic  ions .  Hornbeck and Molnar 
observed d i a tomic  i o n s  of  a l l  t h e  r a r e  g a s e s  when t h e  p r e s s u r e  i n  t h e  i o n  source  of 
t h e i r  mass spec t romete r  was r a i s e d  s u f f i c i e n t l y .  The appearance p o t e n t i a l s  of t h e  
d i a tomics  proved t o  be 0.7 t o  1.5 eV below t h e  i o n i z a t i o n  p o t e n t i a l s  of  t h e  c o r r e s -  
ponding atom, and hence t h e  d i a t o m i c  i o n s  were n o t  d e r i v e d  from a tomic  ions .  A s  a 
consequence, t hey  proposed t h a t  e x c i t e d  atoms formed by e l e c t r o n  impact r e a c t e d  upon 
c o l l i s i o n  wi th  a n e u t r a l  atom t o  form a molecu la r  i o n  and e j e c t  a n  e l e c t r o n ,  t hus :  

A r *  + A r  -+ A r 2 f  + e. 
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1 
A number of i n v e s t i g a t o r s  have s u b s e q u e n t l y  s t u d i e d  t h i s  chemi- ioniza t ion  r e a c t i o n  of\ 
t h e  r a r e  gas i o n s  and have confirmed and extended Hornbeck and Molnar ' s  observa t ion ,  
I t  h a s  now been observed t h a t  a l l  of t h e  r a r e  gases  r e a c t  w i t h  each o t h e r  t o  form 
. the  h e t e r o - n u c l e a r  d i a t o m i c  i o n s  (57). In a d d i t i o n ,  a number of  i o n i c  compounds of , 
t h e  r a r e  gases  w i t h  n i t r o g e n ,  CO, 02,  methane, a c e t y l e n e  and o t h e r s  have been r e p o r t - '  
ed. 
Chemi-ionizat ion products  o f  e x c i t e d  mercury atoms w i t h  a number o f  compounds have 
been observed (59) and n i t r o g e n  and CO a r e  known t o  und r o chemi- ioniza t ion  w i t h  

Chemi- ioniza t ion  r e a c t i o n s  a r e  n o t  n e c e s s a r i l y  l i m i t e d  t o  r a r e  gases ,  however. , ! 

1 
t h e i r  own ground s t a t e  s p e c i e s ,  forming r e s p e c t i v e l y  N -? :nd C20; ' (32) .  I 

4 
I 

(59) P. Cermak and 2. Herman, Tenth Annual Conference on Mass Spectrometry,  New , 
Orleans ,  La., 1962, p. 358. I , 

r a t e  c o n s t a n t s  f o r  second o r d e r  ion-molecule  r e a c t i o n s  a r e  g iven  i n  t a b l e  11. 
w i l l  be observed t h a t  many 2 them a r e  i n  t h e  o r d e r  of 10 cc/molecule/sec.  How- 
e v e r ,  v a l u e s  a s  small a s  10 
The v a l u e s  i n  t h e  neighborhood o f  10 
o c c u r  a t  e s s e n t i a l l y  e v e r y  c o l l i s i o n  i n  t h a t  t h e y  have  c r o s s  s e c t i o n s l S o n s i d e r a b l y  
l a r g e r  than  o r d i n a r y  c o l l i s i o n  cross s e c t i o n s .  The v a l u e s  around 10 r e p r e s e n t  

It 

€3 cc/mo_l c u l e l s e c  have been r e p o r t e d  f o r  some r e a c t i o n s .  6 c c / m o l e c u l e / s e c  r e p r e s e n t  r e a c t i o n s  t h a t  must 

~ ~~ 

I t  i s  n a t u r a l  t h a t  when both  r e a c t a n t s  and products  a r e  r e a d i l y  measurable 
I 

c n s i d e r a t ' o n  should  e a r l y  be g i v e n  t o  t h e  f a t e  of t h e  r e a c t i o n .  
A + M -% 

and t h e  equat ion  e x p r e s s i n g  t h e  c o n c e n t r a t i o n  of A and B i s  a s  fo l lows:  

With t h e  r e a c t i o n  4? + S, i f  M i s  much l a r g e r  t h a n  A , t h e  f e a c t i o r  r a t e  is psuedo f i r s t  o rder '  

o r  v e r y  small. 
must n o t  i n v o l v e  a p p r e c i a b l e  energy  of  a c t i v a t i o n .  
have confirmed t h i s  e x p e r i m e n t a l l y  f o r  a few r e a c t i o n s  and t h e  v e r y  f a c t  t h a t  a 

As was mentioned before ,  ion-molecule  r e a c t i o n s  t o  be observable  , 
Stevenson and S c h i s s l e r  (4 ,11 )  

-kMt 1-e B+ 

A O  

- =  + 

A t  r e l a t i v e l y  low p r e s s u r e s ,  (a few microns) ,  i 

kMt B+ - =  
A' + B+ 

-1 
A L l o t  o f  B+ a g a i n s t  M w i l l  y i e l d  a s t r a i g h t  l i n e  whose s l o p e  i s  k t .  I f  a - 
t i m e  i s  thus :  
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v e l o c i t y  of t h e  r e a c t i n g  p a r t n  rs i s  s u f f i c i e  t l  y g r e a t .  
shown t h a t  f o r  t h e  r e a c t i o n  A r  + CO 4 A r  + C 

Giese  and Maier (60) have f + 0, which i s  endothermic by 6.62 + and 6.44 e\’ f o r  t h e  2 p  s t a t e  of  A r  , t h e  t h r e s h o l d  f o r  t h e  
112 

1 

“co 
T h e i r  measured v a l u e s  were i n  agreement  w i t h  t h i s  r e l a t i o n .  I 

(60)  C. F. Giese  and W. B. Plaier, J .  X m .  a. 39, 197 (1963) 

Table  11 
Some Second-Order Rate  Cons tan ts  

10 10 k, cc /molecule  s e c  Reference React i o n  

D2 -3 D3 + D 14.5 4,11 

10 61,62,63 + 
5+ + m3 CH4 + CH4 + CH 

H20 + H20 --f H30 + OH 12 .7  1 ,2 ,13  

C H  + C H  + C H  + C H 4  14.5 9 + + 
2 6 3+5 

+ C H ~  + CH o + n 0.126 2 2  
2+3 

0.257 2 2  O 2  + 3 3  CH4 + O 2  + CH30 + OH 

V. L .  T a l ’ r o z e  and E. L. Frankevich,  J. Phys. Chem. USSR 34, 1275 (1960) 

C. W. Hand and H. von Weyssenhoff, Can. J. Chem., 42, 195, 2385 (1964) 
J. L. F r a n k l i n ,  Y. Wada, P. N a t a l i s  and P. M. H i e r r  J. Phys. Chem. 70, 
2353 (1966) 

(61) 

(62)  
(63) 

- 

- 

A l l  r e a c t i o n  r a t e  s t u d i e s  have n o t  been l i m i t e d  t o  ex t remely  low pressures .  
When t h e  p r e s s u r e  i n  t h e  i o n  s o u r c e  becomes s u f f i c i e n t l y  g r e a t  t h e  r e a c t i o n s  fo l low 
t h e  psuedo f i r s t  o r d e r  r a t e  laws o v e r  r a t h e r  wide ranges  o f  p r e s s u r e ,  u n l e s s  subse- + quent  r e a c t i o n s  i n t e r f e r e .  Thus, F i e l d  e t  a l .  (51) found t h e  d isappearance  of CH4 
i n  methane t o  obey f i r s t  law k i n e t i c s  over  a p r e s s u r e  range  of about  0.1 t o  400 Torr .  
However, a s  t h e  p r e s s u r e  i s  r a i s e d ,  i n  c e r t a i n  sys tems,  r e a c t i o n s  of a h i g h e r  o r d e r  
do occur .  F i e l d ,  (37)  s t u d y i n g  e t h y l e n e ,  has  r e p o r t e d  some r e a c t i o n s  having  a p p a r e n t  
o r d e r s  a s  h igh  a s  a b o u t  6. These, of c o u r s e ,  a r e  n o t  t r u l y  6 t h  o r d e r  r e a c t i o n s ,  b u t  
s imply  r e p r e s e n t  a s u c c e s s i o n  of  perhaps f i v e  secondary  r e a c t i o n s  which show depend- 
ence upon t h e  6 t h  power of t h e  pressure .  Rates  of  r e a c t i o n s  of  such  h igh  o r d e r  do 
n o t  y i e l d  s a t i s f a c t o r y  r a t e  c o n s t a n t s ,  b u t  i t  has  been p o s s i b l e  t o  de te rmine  r a t e  
c o n s t a n t s  f o r  r e a c t i o n s  of 3rd o r d e r ,  and F i e l d  and s e v e r a l  o t h e r s  have made approx- 
imate measurements of t h e  r a t e  c o n s t a n t s  f o r  such t h i r d  o r d e r  processes .  A s  i s  t h e  
c a s e  wi th  t h e  second o r d e r  p r o c e s s e s ,  t h e s e  r e a c t i o n  r a t e s  a r e  r e l a t i v e l y  high. For 
example, i n  e t h y l a p e  e l d  d e t e r  ined s e v e r a l  t h i r d  o r d e r  r a t e  c o n s t a n t s  t o  be 
i n  t h e  o r d e r  of molecule-  s e c  . F3 2 -1 

Although most of t h e  measurements of  r a t e  c o n s t a n t s  i n  t h e  l i t e r a t u r e  were 
obta ined  w i t h  t h e  s o u r c e  o p e r a t i n g  i n  a cont inuous  mode employing a v a r i a t i o n  i n  
p r e s s u r e  t o  e s t a b l i s h  t h e  r a t e ,  some s t u d i e s  have been made i n  which r e t e n t i o n  t i m e  
i n  t h e  s o u r c e  was v a r i e d .  
Frankevi tch  (61) ,  bu t  subsequent  measurements have been made by Hand and von Weissen- 
hof f  (62) and F r a n k l i n ,  N a t a l i s ,  Wada, and H i e r l  (63) .  In o r d e r  t o  o b t a i n  a s a t i s -  
f a c t o r y  v a r i a t i o n  of t i m e ,  a pulsed mode i s  employed. I n  such  a n  o p e r a t i o n  a pulse  
of e l e c t r o n s  i s  f i r e d  through t h e  gas .  A f t e r  i t  i s  s topped ,  t h e  r e s u l t i n g  ions  
can  be r e t a i n e d  i n  t h e  s o u r c e  f o r  a c o n t r o l l e d  per iod  of  t i m e  and then  r a p i d l y  
e x t r a c t e d  by a p u l s e  o f  h i g h  energy. By v a r y i n g  t h e  d e l a y  t i m e ,  t h e  t i m e  of r e t e n t i o n  
i n  t h e  source  i s  v a r i e d ,  and r a t e  c o n s t a n t s  determined i n  t h e  manner more u s u a l l y  
employed by chemis ts  i n  r a t e  s t u d i e s .  

Such measurements were o r i g i n a l l y  made by T a l ’ r o z e  and 

R e s u l t s  o b t a i n e d  i n  t h i s  way g e n e r a l l y  a g r e e  
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r a t h e r  w e l l  wi th  t h o s e  o b t a i n e d  by t h e  p r e s s u r e  method, a l t h o u g h  some d i f f e r e n c e s  
have been observed. One d i f f e r e n c e  t h a t  may be of s i g n i f i c a n c e  i s  t h a t  t h e  i o n s  i n  
t h e  pulsed mode w i l l  g e n e r a l l y  have approx ima te ly  thermal  e n e r g i e s ,  whereas those  
r e a c t i n g  i n  the  con t inuous  mode w i l l  have v a r i a b l e  e n e r g i e s ,  depending upon t h e  point  
of t h e i r  r e a c t i o n  i n  t r a v e l l i n g  from t h e  e l e c t r o n  beam t o  t h e  e x i t  s l i t .  

The ques t ion  of t h e  e f f e c t  of i o n i c  energy on r e a c t i o n  r a t e  has  been one of 
c o n s i d e r a b l e  i n t e r e s t  and t h e  s u b j e c t  of a number of i n v e s t i g a t i o n s ,  both t h e o r e t i c a l  
and experimental .  I n  t h e i r  e a r l y  work on ion-molecule  r e a c t i o n s ,  h r a n k l i n ,  F i e l d  and 
Lampe (3 )  observed t h a t  when t h e y  v a r i e d  t h e  f i e l d  s t r e n g t h  i n  t h e  i o n  source  i n  
o r d e r  t o  vary  t h e  r e t e n t i o n  t i m e ,  t h e  r a t e  c o n s t a n t s  t h a t  they  c a l c u l a t e d  f o r  t h e i r  
ion-molecule  r e a c t i o n s  v a r i e d  c o n s i d e r a b l y .  I n  g e n e r a l ,  they  seemed t o  drop a s  
t h e  f i e l d  s t r e n g t h  i n c r e a s e d ,  s u g g e s t i n g  t h a t  t h e  r e a c t i o n  r a t e  c o n s t a n t  decreased 
w i t h  t h e  r e l a t i v e  v e l o c i t y  of i o n s  and n e u t r a l s .  O the r  i n v e s t i g a t o r s  have made 
s i m i l a r  observa t ions .  However, i t  appears  t h a t  no t  a l l  r e a c t i o n s  show such reduct ion  
i n  r a t e  c o n s t a n t s  w i t h  i n c r e a s i n g  r e l a t i v e  v e l o c i t y .  Attempts t o  e x p l a i n  t h i s  have 
been made by a number of i n v e s t i g a t o r s .  F i e l d ,  F r a n k l i n  and Lampe (3 )  a t tempted 
t o  o b t a i n  t h e  t h e o r e t i c a l  r e l a t i o n s  based upon a ba lance  of p o l a r i z a t i o n  and 
c e n t r i f u g a l  f o r c e s .  Gioumousis and Stevenson (64)  d e r i v e d  a more p r e c i s e  expression 

(64) 
(65) P. Lannevin. Ann. Chim. Phvs. 5. 245 (1905) 
f o r  t h e  c o l l i s i o n  r a t e  based upon LaiTgevin's(65) t r e a t m e n t  f o r  p o l a r i z a b l e  systems. 
Gioumousis and Stevenson found t h e  c o l l i s i o n  c r o s s  s e c t i o n  t o  be: 

Gioumousis, G. and Stevenson,  D. p . ,  2. Chem. P h y s . , g ,  294 (1958) 

(4) 

where a is t h e  p o l a r i z a b i l i t y  o f  t h e  n e u t r a l ,  v i s  t h e  v e l o c i t y  of  t h e  ion ,  
lJ is  t h e  reduced mass and e t h e  charge on t h e  e l e c t r o n .  S ince  

i 

1' 

(I w i l l  vary  a s  F u r t h e r ,  s i n c e  k = uv 

(5) 

and t h u s  is independent  of  v e l o c i t y  o r  energy.  
w i t h  t h e  observed r a t e  b e h a v i o r  of a number of  r e a c t i o n s ,  a l though  i t  appears  t o  
hold f o r  some. I n  f a c t ,  F i e l d ,  e t  a l .  (3)  s t u d i e d  t h e  e f f e c t  of f i e l d  s t r e n g t h  upon 
r a t e  c o n s t a n t  and found t h a t  f o r  s e v e r a l  r e a c t i o n s  k decreased  w i t h  i n c r e a s i n g  f i e l d  
s t r e n g t h .  
cannot  be a c c u r a t e l y  t r e a t e d  a s  i n v o l v i n g  p o i n t  p a r t i c l e s .  

This, u n f o r t u n a t e l y ,  d i d  not  agree 

Hamill  and h i s  a s s o c i a t e s  (66,67) have shown t h a t  ion-molecule  r e a c t i o n s  
By c o n s i d e r i n g  t h e  de- 

(66) 
(67)  

formable n e u t r a l  t o  e x h i b i t  a hard  c o r e  t o  h igh  energy c o l l i s i o n s  w h i l e  being de- 
formable i n  low ene rgy  c o l l i s i o n s ,  t h e s e  workers showed t h a t  f o r  s m a l l  i o n  energ ies  
u obeped t h e  Gioumousis-Stevenson r e l a t i o n  ( e q u a t i o n  5 ) ,  bu t  f o r  l a r g e  energy 
uk E Theard and Hamil l  (68)  and Moran 
and ffamil l  (69). have extended t h e i r  t r e a t m e n t  t o  ion-molecule  r e a c t i o n s  involv ing  

(68) L. P. Theard and W. H. Hami l l ,  J. Am. -m. E. 84, 1134 (1962) 
( 6 9 )  T. F. Moran and W. H. Hamil l ,  J. Chem. Phys. 39, z13 (1963) 

n e u t r a l s  w i t h  permanent d i p o l e s .  
c r o s s  s e c t i o n  f o r  t h e  ion-permanent  d i p o l e  i n t e r a c t i o n ,  ~~ =ne, 

N. B o e l r i j k  and w. H. Hamil l ,  J. &. %m. =. 84, 730, (1962) 
D. A. Kubose and W. H. Hami l l ,  J. &. X m .  e. 85, 125 (1963) - 

which a g r e e s  w i t h  expe r imen ta l  r e s u l t s .  

- 
They showed t h a t  a t  l a w  r e l a t i v e  v e l o c i t i e s  a 

. 

Et 
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must be added t o  t h e  Langevin c r o s s  s e c t i o n .  
t r a n s l a t i o n a l  energy of t h e  r e a c t i n g  sys tem i n  c e n t e r  of mass c o o r d i n a t e s .  

Here i s  d i p o l e  moment and E t i s  t h e  

N O  a t tempt  w i l l  be made h e r e  t o  review a l l  of t h e  s t u d i e s  of  t h e  e f f e c t  of energy 
upon t h e  r a t e s  o f  ion-molecule  r e a c t i o n s .  
made e s p e c i a l l y  impor tan t  c o n t r i b u t i o n s  should  be mentioned. 
work of Hamill d i s c u s s e d  above, impor tan t  s t u d i e s  have been made by F u t r e l l  and 
Abramson (70) ,  Giese  and Maier ( 7 1 ) ,  Friedman (72,73)  and L i g h t  and Horrocks(74) .  

(70) J. H. F u t r e l l  and F. P. Abramson, "Ion-Molecule Reac t ions  i n  t h e  Gas Phase," 
Adv. i n  Chem. S e r i e s  58, Amer. Chem. SOC., 1966, p. 107. 

(71)  C. F. Giese and W. B . x a i e r ,  J. Chem. Phys. 39, 197, 739 (1963) 
(72)  T. F. Moran and L. Friedman, J. Chem. Phys. 39, 2491 (1963) ;  
(73)  F. S. K l e i n  and L. Friedman, J. Chem. Phys. 4l, 1789 (1964) 
(74) J. C. L ight  and J. Horrocks,  Proc. Phys. 527 (1964) 

become s u f f i c i e n t l y  h igh  o t h e r  r e a c t i o n s  begin  t o  OCCUL a s  a r e s u l t  o f  t h e  d i f f e r e n t  
f o r c e s  coming i n t o  play. 
v e l o c i t y  may s imply s t r i p  o f f  a p e r i p h e r a l  atom, l e a v i n g  t h e  p a r t i a l l y  denuded en- 
t i t y  behind. 
( 7 6 ) ,  who found t h a t  they  obey q u i t e  d i f f e r e n t  r u l e s  from t h o s e  above. 

However, s e v e r a l  i n v e s t i g a t o r s  who have 
I n  a d d i t i o n  t o  t h e  

- -- -- 
- 62, 2391 (1965) - - 
- 

I t  should be poin ted  o u t  t h a t  i f  t h e  r e l a t i v e  v e l o c i t i e s  of  i o n s  and n e u t r a l s  

Thus a f a s t  moving i o n  pass ing  a molecule  w i t h  s u f f i c i e n t  

Such s t r i p p i n g  r e a c t i o n s  have been s t u d i e d  by Hengle in  (75) and Koski 
I t  thus  

(75) A. Henglein,  " Ion  Molecule  Reac t ions  i n  t h e  Gas Phase," &. i n  Chem. S e r i e s  
- 58, Amer, Chem. SOC., Washington, D. C.,' p. 63 - 

(76) 

a p p e a r s  t h a t  a complete  t h e o r y  of  t h e  r a t e s  of ion-molecule  r e a c t i o n s  has  n o t  been 
developed,  but  t h e r e  i s  l i t t l e  doubt  t h a t  t o  a f i r s t  approximat ion  t h e  e q u a t i o n  of 
Gioumousis and Stevenson g i v s f a i r l y  good r e s u l t s .  I t  i s  a l s o  t r u e  t h a t  t h e  
r e a c t i o n s  tend t o  be q u i t e  f a s t ,  and t h i s  becomes a matter of  o v e r r i d i n g  importance 
i n  many processes  i n v o l v i n g  ions .  
F u t r e l l  (79) t h a t  ion-molecule  r e a c t i o n s  a r e  t h e  c o n t r o l l i n g  f a c t o r  i n  c e r t a i n  

M. A. Berta ,  B. Y. E l l i s  and W. S. Koski ,  i b i d . ,  p. 80 

Thus is  has  been shown by Lampe (77,78) and by 

(77)  F. W. Lampe, R a d i a t i o n  Research lo, 671 (1959) 
(78) 
(79) 

r a d i a t i o n  induced p r o c e s s e s  i n v o l v i n g  p a r a f f i n  and o l e f i n  hydrocarbons.  

can be sampled and ana lyzed  by mass spec t romet ry .  Such s t u d i e s  have been under taken  
by a number of i n v e s t i g a t o r s  and some p r o g r e s s  i s  be ing  made toward unders tanding  
t h e  chemical  behavior  of  i o n s  i n  v a r i o u s  d i s c h a r g e s .  The problem is complicated by 
t h e  f a c t  t h a t  t h e r e  a r e  s e v e r a l  k i n d s  o f  e l e c t r i c  d i s c h a r g e ,  each  o f  which has  i t s  
own p h y s i c a l  and chemical  c h a r a c t e r i s t i c s .  O f  these, the t y p e  most o f t e n  s t u d i e d  is  
t h e  d i r e c t  c u r r e n t  glow d i s c h a r g e ,  but  corona and h i g h  f requency  and micro-wave 
d i s c h a r g e s  have a l s o  received some a t t e n t i o n .  

- 
F. W. Lampe, 2. &. k m .  z., 82, 1551 (1960) 
J. H. F u t r e l l ,  J. &I. -m. *. 8 l ,  5921 (1959) 

=E 

- 
An e l e c t r i c  d i s c h a r g e  of  c o u r s e  i n v o l v e s  i o n s  and e l e c t r o n s  and t h e  i o n s  present  

I n  o r d e r  t o  a n a l y z e  t h e  i o n i c  c o n t e n t  of a d i s c h a r g e  i t  i s  n e c e s s a r y  t o  t r a n s -  
f e r  t h e  i o n s  from t h e  d i s c h a r g e  i n t o  t h e  mass a n a l y z e r .  While t h i s  i s  n o t  a par- 
t i c u l a r l y  s e r i o u s  problem a t  p r e s s u r e s  below 10 microns, t h e  d i f f i c u l t y  becomes 
more a c u t e  a s  t h e  p r e s s u r e  i n c r e a s e s .  T h i s  is  a t t r i b u t a b l e  to t h e  f a c t  t h a t  e lec-  
t r o n s  and i o n s  d i f f u s e  t o  t h e  w a l l s  a t  d i f f e r e n t  r a t e s ,  s o  t h a t  a n  e l e c t r i c  g r a d i e n t  
is e s t a b l i s h e d  which a l t e r s  t h e  d i s t r i b u t i o n  of  energy  of  t h e  v a r i o u s  charged  s p e c i e s .  
O r d i n a r i l y  a s h e a t h  o f  i o n s  i s  formed a t  any s u r f a c e ,  i n c l u d i n g  t h a t  o f  a sampling 
probe and ions  o r  e l e c t r o n s  must have,  o r  be g i v e n  enough energy  t o  pass  through 
t h i s  s h e a t h  i n  o r d e r  t o  be sampled. However, i f  t h e  energy is s u f f i c i e n t l y  h igh  
some i o n s  may be decomposed by c o l l i s i o n .  The resul t  then  i s  t h a t  t h e r e  is  o f t e n  
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c o n s i d e r a b l e  u n d e r t a i n t y  a s  t o  t h e  q u a n t i t a t i v e  correspondence of  t h e  i o n  d i s t r i b u -  
t i o n  r e p o r t e d  by t h e  mass s p e c t r o m e t e r  w i t h  t h e  a c t u a l  d i s t r i b u t i o n  i n  t h e  discharge,  
F u r t h e r ,  w h i l e  t h e r e  i s  l i t t l e  doubt t h a t  t h e  i o n s  observed were a c t u a l l y  present ,  
t h e r e  i s  always some q u e s t i o n  a s  t o  t h e  presence  of  i o n s  t h a t  might be expected,  b u t  
t h a t  a r e  n o t  observed. 

An added compl i ca t ion  t h a t  must  be taken  i n t o  account ,  e s p e c i a l l y  i n  glow d i s -  
c h a r g e s ,  i s  t h a t  d i f f e r e n t  p o r t i o n s  of t h e  d i s c h a r g e  have d i f f e r e n t  c h a r a c t e r i s t i c s ,  
Thus t h e  n e g a t i v e  glow and p o s i t i v e  column have q u i t e  d i f f e r e n t  e l ' e c t r i c  f i e l d s ,  the 
i o n s  and e l e c t r o n s  p r e s e n t  have d i f f e r e n t  e n e r g i e s  and t h e  d i s t r i b u t i o n  of  ions  i n  
t h e  two reg ions  i s  d i f f e r e n t .  

I n  s p i t e  of t h e s e  r e s e r v a t i o n s ,  c o n s i d e r a b l e  i n f o r m a t i o n  has  been obta ined  
conce rn ing  t h e  i o n s  p r e s e n t  i n  c e r t a i n  d i s c h a r g e s ~ , a n d  some unde r s t and ing  of t h e  re -  
a c t i o n s  o c c u r r i n g  i s  beg inn ing  t o  develop.  

' I n  t h e  glow d i s c h a r g e ,  t h e  reg ions  m o s t  s t u d i e d  have been t h e  n e g a t i v e  glow and 
t h e  p o s i t i v e  column. 
c o n c e n t r a t i o n ,  a l t h o u g h  t h e  i o n  c o n c e n t r a t i o n  i n  t h e  n e g a t i v e  glow is u s u a l l y  g r e a t e r  
( o f t e n  10-100 t imes)  than  t h a t  i n  t h e  p o s i t i v e  column. F u r t h e r ,  t h e  e l e c t r i c  f i e l d  
i n  t h e  nega t ive  glow is c o n s i d e r a b l y  g r e a t e r  than  t h a t  of t h e  p o s i t i v e  column, through 
which t h e  ions  d r i f t  w i t h  r e l a t i v e l y  small e n e r g i e s .  

Both a r e  r e g i o n s  o f  n e a r l y  e q u a l  p o s i t i v e  and n e g a t i v e  ion  

Discharges i n  t h e  r a r e  g a s e s ,  of c o u r s e ,  always c o n t a i n  atomic i o n s  and, a t  
s u f f i c i e n t l y  high p r e s s u r e s ,  d i a t o m i c  i o n s  a s  wel l .  This  l a t t e r  can be  produced 
by two p o s s i b l e  r e a c t i o n s ,  t y p i f i e d  by hel ium: 

* 
H e  + He --f He: + e (6) 

(7)  
+ He + 2He + He2+ + He 

S i n c e  t h e  formation of He* i s  an e x c i t a t i o n  process  i t  w i l l  occur  over  a r e l a t i v e l y  
small energy range w i t h  e l e c t r o n s  of energy c l o s e  t o  t h e  i o n i z a t i o n  p o t e n t i a l  of He. 
Thus, i t  would be expec ted  t o  predominate  i n  t h e  p o s i t i v e  column of a glow discharge.  
This has been observed by Mor r i s  (80) and by Pahl  (81,82) .  

(80)  D. Morris,  Proc. Phys. E. (London) s, 11 (1955) 
(81) 
(82)  

M. Pahl  and U. Weimer, z. Naturforsch-G, 753 (1958) 
M. Pahl ,  2. N a t u r f o r s c h ,  &, 239 ( 1 9 5 r  - 

I n  o r d e r  f o r  r e a c t i o n  7 t o  be observed r e l a t i v e l y  h igQ pre5sures  a r e  required.  

seconds.  Thus, 

- 0  2 
The t h i r d  order  r a t e  c o n s t a n t  w i l l  probably n o t  exceed 10 cc / m  l e c u l e  second 
and t h e  t i m t  of t h e  i o n  i n  t h e  plasma w i l l  p robab ly  n o t  exceed 10 
f o r  He2 /He 
5 Torr .  Thus t h e  format ion  o f  the  d ia tomic  i o n  by t h e  three-body process  w i l l  
d e c r e a s e  very  r a p i d l y  w i t h  d e c r e a s i n g  p r e s s u r e s  and w i l l  be n e g l i g i b l e  below 0.1 Torr. 
Knewstubb and Tickner  (83) have  s t u d i e d  t h e  i o n s  o f  t h e  r a r e  gases  i n  both  t h e  nega t ive  

(83)  P. F. Knewstubb and A. W. Tickner ,  J. Chem. Phys. 3 6 ,  674, 684 (1962) 

glow and t h e  p o s i t i v e  column of  a dc glow d i s c h a r g e .  
t o  be  much less i n  t h e  n e g a t i v e  glow than  i n  t h e  p o s i t i v e  column, and conclude t h a t  
t h e  d i a t o m i c  i o n  i s  formed p r i n c i p a l l y  by t h e  t h r e e  body process  i n  t h e  nega t ive  
glow, b u t  t h a t  t h e  c h e m i - i o n i z a t i o n  r e a c t i o n  predominates  i n  t h e  p o s i t i v e  column.. 
S i m i l a r  c o n s i d e r a t i o n s  a p p l y  t o  t h e  o t h e r  r a r e  gases .  

-9  
+ t o  be approx ima te ly  0.1 by r e a c t i o n  7 t h e  p r e s s u r e  must be approximately 

1 

I 

I 

= 
They f i n d  t h e  r a t i o  Ar +/Ar+ 

I 
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I n  our  l a b o r a t o r y  a microwave d i s c h a r g e  was g e n e r a t e d  i n  hel ium by a 100 w a t t  
Raytheon microtherm g e n e r a t o r  and sampled through a p inhole  l e a k  a t  t h e  apex of a 
c o n i c a l  probe i n t o  a quadrupole  mass f i l t e r .  The i n t e n s i t y  o f  t h e  He i o n  dropped 
e x p o n e n t i a l l y  i n  t h e  range s t u d i e d  from a r e l a t i v e  i n t e n s i t y  ,of u n i t y  a t  0 . 1  Torr  
t o  about  .002 a t  0.5 Torr .  

+ .  

+ .  I n  t h e  same p r e s s u r e  range  Hez 
t o  a broad maximum around 0.3 Torr  and then  d e c l i n e d  r a p i d l y  a t  h i g h e r  pressures .  

g8by s h e  t h r e e -  ody process  ( e q u a t i o n  7 )  t h e  r a t e  c o n s t a n t  would I f  t h e  He2 1 s  forme 
have t o  be about  10 c c  /molecule  / s e c .  which seems e x c e s s i v e .  Ne conclude  then  
t h a t  t h e  d i a t o m i c  i o n  i s  probably formed p r i n c i p a l l y  by t h e  c h e m i - i o n i z a t i o n  process .  
( e q u a t i o n  6 ) .  

i n c r e a s e d  i n  i n t e n s i t y  from O.,OOZ a t  0.1 T o r r  

9 + .  

Of perhaps g r e a t e r  i n t e r e s t  a r e  t h e  i o n i c  processes  o c c u r r i n g  i n  more complex 
gases .  Thus, glow d i s c h a r g e s  i n  hydrogen (84,85,) and i n  H,-D, mix tures  (86)  showed . . -  
(84) C. J. B r a e s f i e l d ,  Phys. e. 2, 52 (1928) 
(85)  0. Luhr, J .  Chem. Phys. 3 ,  lLib(1935)  - 
(86) H. D. Beckey and H. Dreeskamp, 2. N a t u r f o r s c h  9.; 735 (1954)  - 

t t h e  format ion  of H3t o r  H - D m i x t u r e s ,  which i n c r e a s e d  i n  c o n c e n t r a t i o n  w i t h  
p r e s s u r e  a t  t h e  expense 01 t h e  a i a t o m i c  ion.  
of t h e  d i s c h a r g e  i n  hydrogen, Eyring,  H i r s c h f e l d e r  and Taylor  (87)  c o n s i d e r e d  t h e  

(87)  H. Eyring,  J. 0. H i r s c h f e l d e r  and H. S. Taylor ,  2. Chem. Phys. 4, 479 (1936) 

r e a c t i o n  forming H3t t o  be: 

I n  a n  e f f o r t  t o  i n t e r p r e t  t h e  behavior  

- 

(8) 
H z  + + H z  +H: + H 

They took t h e  a c t i v a t i o n  energy  f o r  t h e  r e a c t i o n  t o  a r i s e  f rom t h e  b a l a n c e  of  cen-  
t r i f u g a l  f o r c e  and p o l a r i z a t i o n  a t t r a c t i o n  a c t i n g  i n  o p p o s i t e  d i r e c t i o n s .  The r e s u l t -  
i n g  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  i s :  

k = 2 TI e kl” 
i . e . ,  t h e  same a s  e q u a t i o n  5. Subsequent s t u d i e s  of t h i s  r e a c t i o n  i n  a mass spec-  
t r o m e t e r  i o n  s o u r c e  (4)  have e s t a b l i s h e d  t h i s  r e a c t i o n  beyond doubt ,  and have shown 
t h a t  t h e  r e a c t i o n  r a t e  i s  g iven  approximate ly  by t h e  above r e l a t i o n  of  Eyring,  e t  a l .  
Recent s t u d i e s  by Or tenburger  e t  a l .  (88) employing a h igh  f requency  d i s c h a r g e  have 

(88) 
shown t h a t  r e a c t i o n  8 occurs  under t h e s e  c o n d i t i o n s  a s  w e l l .  

I. B. Or tenburger ,  M. Her tzberg  and R. A .  Ogg, J. Chem. Phys.  2, 579 (1960) 

S t u d i e s  o f  i o n s  i n  t h e  n e g a t i v e  glow and Faraday d a r k  s p a c e  of  a glow d i s c h a r g e  
i n  water  vapor  a t  0.4 Torr  have been made by Knewstubb and Tickner  (89) .  They 

(89)  P. F. Knewstubb and A .  W. T ickner ,  J. X m .  Phys. 8, 464 (1963) 

fouqd t h e  maximum i o n  i n t e n s i t y  t o  occur  i n  t h e  n e g a t i v e  glow. 
H 0 p r e s e n t ,  bu t  a s e r i e s  of  s o l v a t e d  pro tons  was observed having  t h e  g e n e r a l  com- 
p o s i t i o n  H (H O)n w i t h  n v a r y i n g  from one t o  f i v e .  Mass s p e c t r o m e t e r  s t u d i e s  have  
e s t a b l i s h e d  t?ie r e a c t i o n :  (1 ,2 ,  13) 

- 
There was l i t t l e  

2 .  

(9 )  
+ + 

H 0 + H20 + H30 + OH 

and more r e c e n t  s t u d i e s  have d e t e c t e d  t h e  more h i g h l y  s o l v a t e d  s p e c i e s .  (49,50) The 
r e s u l t s  of  t h e  d i s c h a r g e  s t u d i e s  showed t h e  f i r s t  f o u r  w a t e r  molecules  t o  be more 
s t r o n g l y  bonded t o  t h e  pro ton  than succeeding  molecules  and t h i s  has  been s u b s t a n -  
t i a t e d  by t h e  work of Kebar le  (49 ,50)  p r e v i o u s l y  d i s c u s s e d .  

2 
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S i m i l a r  s t u d i e s  have been made of i o n s  i n  a glow d i s c h a r g e  i n  ammonia (90) 

(90) 

w ' t h  s i m i l a r  r e s u l t s .  
H (NH3), w i t h  n from 1 to+5, w i th  NH 
n e g a t i v e  glow, bu t  w i th  H (NH ) 
m u l t i p l y  s o l v a t e d  p ro ton  h a s  a l s o  been observed i n  t h e  i o n  source  of a mass spec-  
t rome te r  a t  e l e v a t e d  p r e s s u r e .  ( 9 1 ,  92) 

(91) 

(92)  

P. H. Dawson and A. W. T i ckne r ,  J. Chem. Phys. 40, 3745 (1964) - 
The n e g a t i v e  g)ow a t  0.4 Torr was found t o  c o n t a i n  t h e  ions + being formed i n  h i g h e s t  c o n c e n t r a t i o n  i n  the 

p re iomina t ing  i n  t h e  Faraday d a r k  space.  The 3 4  

I 
A. M. Hogg and P. Keba r l e ,  J. -. m. 43, 449 (1965) 

A.  M. Hogg, R. M. Haynes and P. Kebarle ,  J. $. E m .  z. 88, 28 (1966) 

Knewstubb (93) a l s o  mentions t h e  o b s e r v a t i o n  of i o n s  i n  a glow d i s c h a r g e  i n  

- 
- 

(93) 

methane i n  which t h e  i o n s  C H + and CH5+ predominated, and i n  which Some 40% of the  
ions  p r e s e n t  con ta ined  t h r e e  o r  more carbon atoms. Th i s  is  q u i t e  d i f f e r e n t  from 
t h e  r e s u l t s  ob ta ined  by Munson and F i e l d  (47, 48) f o r  s t u d i e s  o f  methane a t  e l eva ted  
pressurTs.  
t he  CH5 and C2H5 , i o n s  were  p r e s e n t  i n  t h e  same r a t i o  a s  CH4 and .I: ( t h e  pre- 
c u r s o r s )  i n  the  primary mass spectrum of  methane, and t h a t  i o n s  having more than two 
carbon atoms were p r e s e n t  i n  o n l y  minor p ropor t ions .  This  s u g g e s t s  t h a t  t h e  ions 
o f  h i g h e r  mass r e p o r t e d  by Knewstubb (93) o r i g i n a t e d  e i t h e r  from i m p u r i t i e s  i n  the 
methane employed o r ,  more p robab ly ,  from molecules  such a s  a c e t y l e n e  o r  e t h y l e n e  
formed by the  a c t i o n  of t h e  d i s c h a r g e  on methane. 

P. F. Knewstubb, "Mass Spec t ro~met ry  of Organic  Ions," Academic P r e s s ,  New 
York, 1963, p. 284 

2 5  

They found t h a t  w i th  q u i t e  pure methane a t  p re s su  es above about  1 Torr f 

Nitrogen has  been t h e  s u b j e c t  of  s e v e r a l  i n v e s t i g a t i o n s  employing bo th  mass 
s p e c t r o m e t e r  i o n i z a t i o n  chambers and d i s  h a r  es f o r  t h e  p roduc t ion  of  i ons .  The 
i o  s of g r e a t e s t  i n t e r e s t  a r e  N + and N4 . 
N 3  

where N +* imp i e s  an  e x c i t e d  i o n  having a n  appearance p o t e n t i a l  o f  abou t  21-22 eV. 
(31,32,33) N4 has  been found t o  r e s u l t  from t h e  r e a c t i o n : ( 9 4 )  

F g  The mass spec t romete r  s t u d i e s  have shown P 3 t o  be formed by t h e  r e a c t i o n :  
- N2 +* + N p  + N:+N 

i. 
+ + , N 2  + 2N2 -+ N4 + N2 

(94) 

I n  a d d i t i o n ,  Munson e t  a l .  (32) showed t h a t  under  c e r t a i n  c o n d i t i o n s  N4+ i s  formed 
by t h e  chemi - ion iza t ion  r e a c t i o n :  

N 2  + N2 -+ N 4  + e 

G. Junk and H. J. Svec ,  2. &. 2. E. 80, 2908 (1958) - 

(12) * + 
Both i o n s  have been obs r v e d  i n  e l e c t r i c  d i s c h a r g e s  i n  n i t r o g e n .  Luhr (95) and 
Dreeskamp (96) found N3 , b u t  i t  appeared t o  be formed o n l y  i n  t h e  d r i f t  space  

(95) 
(96) 

fo l lowing  the  d i scha rge .  I t  was thought  t o  r e s u l t  from t h e  r e a c t i o n  

-f 
0. Luhr, w. E. 44, 459 (1933) 
H. Dreeskamp, 2. N a t u r f o r s c h  G, 876 (1958) - 

(13) + + N + 2N2 + N 3  + N 2  
+ Shahin (97)  has r e p o r t e d  N 3  

(97) M. M. Shahin,  "Ion-Molecule Reac t ions  i n  Gases," Advances i n  Chemistry S e r i e s  

formed i n  a glow d i s c h a r g e  a t  0.3 Tor r  i n  n i t r o g e n  

No. 58, American Chemical S o c i e t y ,  Washington, D. C.. 1966 p. 315 
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+ .  a s  w e l l  a s  N 

r e l a t i v e  i n t e n s i t y  of Nq passed through a maximum a t  about  10 Tor r ,  t hen  s lowly 
d e c l i n e d  a t  h ighe r  p re s su res .  Shahin a t t r i b u t e d  t h e  formation of t h e  i o n  t o  t h e  

in a co r0  a d i s c h a r g e  i n  a mix tu re  of  n i t r o g e n  and w a t e r  vapor.  The 4 .  r 
\ r e a c t i o n :  

(14) 
N3 + + N3 + N C  > 

'$ 
In t he  same system he observed H 0 , H 0 , H 0; fnd N H+ i o n s ,  a l l  a p p a r e n t l y  

2 r r e s u l t i n g ,  a t  l e a s t  i n  p a r t ,  from reac2 ion  02 N* w i t 6  water .  

In t h i s  l a b o r a t o r y  n i t r o g e n  has  been passed through a microwave d i s c h a r g e  a t  
p r e s s u r e s  o f  0.01 t o  0.3 Torr and t h e  plasma saypled i n t o  a quadrupole mass f i l t e r  
where t h e  i o  s were s e p a r a t e d  and analyzed.  was n o t  observed a t  f n y  c o n d i t i o n  
s t u d i e d  . 
Tor r ,  bu t  i nc reased  r a p i d l y  i n  i n t e n s i t y ,  pas s ing  through a broad maximum a t  about  
0.15 - 0.20 Tor r ,  and t h e  d e c r e a s i n g  a t  h i g h e r  p r e s s u r e s .  In t h e  same p res su  e 
range t h e  i n t e n s i t y  o f  N: dropped p r e c i p i t o u s l y  from 90 t o  1.5+ and t h a t  of N 
remained c o n s t a n t  a t  abou t  9 ,  a l l  i n  a r b i t r a r y  u n i t s .  A t  t h e  N 3  
i ons  were o f  n e a r l y  e q u a l  i n t e n s i t y .  A b r i e f  s t u d y  of  t h e  v a r i a t i o n  of  t h e  i n t e n -  
s i  ies of t h e s e  ions  w i t h  nominal power i n p u t  a t  a p r e s s u r e  o f  0.15 T o r r  showed 

and N t o  dec rease  i n  i n t e n s i t y  wi th  d e c r e a s i n g  power u n t i l  t h e  d i s c h a r g e  was 
ex t ingu i shed  a t  about  40% of  maximum. These cu rves  were r e m i n i s c e n t  o f  an  i o n i z e -  
t i o n  e f f i c i e n c y  curve,  and s t r o n g l y  f u g g e s t  t h e  a v e r a g e  e l e c t r o n  ene rgy  dec reased  
wi th  d e c r e a s i n g  power input .  
power i n p u t  up t o  a broad maximum between 75 and 65% of  maximum power ,  a f t e r  which 
i t  a g a i n  decreased.  This  s u g g e s t s  t h a t  an  e x c i t e d  s t a t e  i s  formed by e l e c t r o n  
impact w i th  e l e c ~ t r o n s  of broad energy spread.  Such an  energy sp read  h a s  been found 
i n  our  s t u d i e s ,  and w i l l  be r e p o r t e d  s e p a r a t e l y .  F u r t h e r ,  w e  f i n d  t h a t  t h e  e l e c t r o n s  
possess  an  approximately Maxwell-Baltzmann d i s t r i b u t i o n  of energy,  and t h a t  t h e  
average energy dec reases  a s  t h e  p r e s s u r e  i n c r e a s e s ,  i n  accordance w i t h  ou r  observa- 
t i o n  of  t h e  va i a t i o n  of N 3  This  a l s o  accoun t s  i n  p a r t  f o r  t h e  
dec rease  i n  N2 wi th  pressure.  

N4 P 
N 3  was formed i n  ve ry  small c o n c e n t r a t i o n s  ( abou t  1% of N2,) a t  0.01 

f 
maximum a l l  of t he  

+ 4 
N 2  . 

The N 3  i on  i n c r e a s e d  i n  i n t e n s i t y  w i t h  d e c r e a s i n g  

+ w i t h  p res su re .  f 
+ The n e a r  c nstancy of N w i t h  i n c r e a s i n g  p r e s s u r e  is d i f f i c u l t  t o  understand.  ? The number of  N i ons  formed by d i r e c t  e l e c t r o n  i m p a c t  up0 N o r  N must be r e l a t i v e -  

l y  small and can h a r d l y  accoun t  fo r+ the  i n t e n s i t y  of t h e  N' ogserved. It i s  p o s s i b l e  
t h a t  a t  t h e  h i g h e r  p r e s s u r e s  most N i s  formed by t h e  r e a c t i o n :  

(15) 
N ; + N  + N + + N 2  

but  t h i s  i s ,  of  course,  s p e c u l a t i v e .  

i s  puzz l ing ,  s i n c e  i t  has  been observed i n  some d i scha rges .  
+ 

The absence of N 4  
I t  is  p o s s i b l e  t h e  ion i s  d s t r o y e d  i n  pas s ing  through t h e  sampling probe, 
u n l i k e l y ,  however, s i n c e  N 4  
This  is abou t  t h e  same s t r e n g t h  a s  t he  bond i n  He:, which we observe.  
t h e  i o n  may appea r  a t  h i g h e r  p r e s s u r e s ,  b u t  some a l t e r a t i o n s  i n  ou r  sampling probe 
w i l l  be necessa ry  t o  ach ieve  t h i s .  

Seve a 1  i n v e s t i g a t i o n s  of  i o n s  i n  glow d i s c h a r g e s  i n  oxygen have been r epor t ed .  
0 and 0: were repor t ed  by Knewstubb (93 ) ,  L u k  (98) and Dickenson and Saye r s  (99).  

This seem 8 i s  h e l d  t o g e t h e r  by a bond of  abou t  1.5 eV energy. 
Conceivably,  

t 
+ 

L 

(98)  Luhr,  O., m. g.  38, 1730 (1931) 
(99) PT-H. G. Dickenson a n d J .  Saye r s ,  Proc.  Phys. =. (London) G, 137 (1960) 

~~ + 
I n  a d d i t i o n ,  03+ and O4 (99) have been r epor t ed .  

D 

In O U K  s t u d  es of  orygen I n  t h e  p r e s s u r e  range 0.01-0.3 T o r r ,  u s i n g  a microwave 

+ 
4 d i s c h a r g e  on ly  0 and O2 were found. Both ions  dropped i n  i n t e n s i t y  e x p o n e n t i a l l y  

w i t h  i n c r e a s i n g  p res su re ,  but  t h e  0' dropped s l i g h t l y  l e s s  r a p i d l y  t h a n  d i d  O2 
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+ The drop i n  0 

w i t h  0 by charge exchange. 2 

w i t h  i n c r e a s i n g  p r e s s u r e  may be  due t o  t h e  f a c t  t h a t  0' can r e a c t  

(16) 
+ + 

T h i s  would account  f o r  t h e  drop i n  0' i n t e n s i t y  a t  c o n d i t i o n s  a t  which N+ (which 
cannot  un ergo loss by c h a r g e  exchange) remains c o n s t a n t .  In t h e  same pressure  
range,  O2 drops i n  i n t e n s i t y  t o  about  t h e  same e x t e n t  a s  does N +, which can 

0 + 0 2  -4 o2 + o  

9 
d i s a p p e a r  by charge  exchange w i t h  N. 2( , 

\ I  
I n  a mass s p e c t r o m e t e r  i o n  chamber 0 + and 04+ a r e  found i n  r a t h e r  smell i n -  3 t e n s i t i e s ,  a p p a r e n t l y  formed by t h e  r e a c t i o n s :  

i 

\ I  

--f +* + 
0; 2 T u  + 0 2  c o4 -3 o3 + o  

+* 
04 + o2 + 04+ + o2 

The l a t t e r  i s  v e r y  f a i n t ,  however. 
g r e a t e r  than t h a t  of O2 (100,101), so O3 can  r e a c t  w i t h  0 a s  fo?lows: 

The i o n i z a t i o n  p o t e n t i a l  of 0 is s l i g h t l y  

J 2 
(19) 

+ o3 + o2 + 0,' + o3 

(100) J. T. Herron and H. I .  S c h i f f ,  2. Chem. Phys. 24, 1266 (1956) 
(101) R. K. Curran,  2. Chem. Phys. 35, 1849 (1961) 

- 
- 

~ ~ -~ ~~ + No doubt t h i s  a c c o u n t s  f o r  t h e  f a i l u r e  t o  observe  O3 . 
merely a m a t t e r  o f  s e n s i t i v i t y .  t 

The absence of  0; may be 

I n  our  l a b o r a t o r y  w e  have a l s o  s t u d i e d  t h e  i o n s  formed i n  a microwave d ischarge  

AS+ 
i n  a mixture  of n i t r o g e n  and oxygen a t  a c o n s t a r t  p r e s s u r e  of about  0.1 To r, 
might be expected,  t h e  i n t e n s i t i e s  of Npf  and N dec reased  and those  of 0: and 0 
kngreased a s  t h e  p r o p o r t i o n  of n i t r o g e n  decreased  and t h a t  of oxygen increased.  
NO was v e r y  i n t e n s e  o v f r  th$ r ange  $f 10% t o  75% oxygen i n  t h e  m xture.+ This is 
n o t  s u r p r i s i n g ,  s i n c e  N , N2 and N,, r e q c t i n g  w i t h  0 o r  0 and 0 and 0 r e a c t i n g  
w i t h  N o r  N a r e  c a p a b l e  of  producing NO . 
and no doubg i s  i o n i z e d  by e l e c t r o n  impact.  

4 
F u r t h e r ,  &O is  produced i n  ghe d ischarge  

+ 
Small  amounts o f NO2 i o n s  were observed i n  a l l  o f  t h e  mixtures  s t u d i e d ,  and 

small amounts of  N 0 were found i n  t h e  n i t r o g e n  r i c h  mixtures ,  bu t  disappeared 
when t h e  p r o p o r t i o n  of  n i t r o g e n  i n  t h e  mix tu re  dropped below 75%. 
t h e i r  formation i s  n o t  known, b u t  from t h e i r  v e r y  small i n t e n s i t y  we i n f e r  t h a t  they 
a r e  probably formed by t h i r d  o r d e r  processes .  
observed when oxygen was p r e s e n t .  Presumably i t  is c a p a b l e  of r e a c t i n g  i n  s e v e r a l  
ways w i t h  0 o r  0, and so i s  d e s t r o y e d  a s  f a s t  a s  it is formed. 
i s  of g r e a t  i n t e r e s t  and will be s t u d i e d  f u r t h e r .  

2 The manner of  

I t  i s  s u r p r i s i n g  t h a t  no N: ion w a s  

The system OZ-N2 2 
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